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Introduction {#sec005}
============

Seizures are the most common frequent clinical symptom caused by cerebral cavernous malformations (CCMs), presenting in 23%-79% of CCM patients \[[@pone.0136619.ref001]--[@pone.0136619.ref003]\]. Among these patients, approximately 40% of individuals progress to medically refractory epilepsy, which can dramatically decrease quality of life due to various disabilities \[[@pone.0136619.ref004]\]. Although the remaining 60% of patients with CCM may benefit from antiepileptic drugs (AEDs), they usually suffer the unfavorable side effects of AEDs \[[@pone.0136619.ref005], [@pone.0136619.ref006]\]. Currently, it is widely accepted that the surgical resection of CCMs is the best treatment strategy for patients with medically refractory epilepsy \[[@pone.0136619.ref007]--[@pone.0136619.ref010]\]. CCMs are often surrounded by hemosiderin, which has been suggested to produce seizures \[[@pone.0136619.ref011]--[@pone.0136619.ref013]\]. However, whether the excision of hemosiderin surrounding CCMs is necessary to achieve a seizure-free result has been under debate \[[@pone.0136619.ref014]\].

Some articles analyzing various predictors of seizure freedom in the surgical treatment of CCMs have been published, but none have specifically focused on hemosiderin excision alone. Among these clinical reports, some supported the idea that extended resection of hemosiderin might improve short-term or long-term seizure outcomes \[[@pone.0136619.ref015]--[@pone.0136619.ref018]\], but others showed no significant differences between the excision of the hemosiderin along with the lesion and resection of the cavernoma only \[[@pone.0136619.ref019]--[@pone.0136619.ref021]\]. Given these contradictory reports and the theoretical potential for additional morbidity with extended cortical resection, it is important to systematically evaluate the role of hemosiderin in CCM surgery for clinical treatment \[[@pone.0136619.ref014]\].

Here, we report a systematic review of related literature up to Jan 1, 2015. Our purposes are as follows: (1) to assess the effect of hemosiderin excision on seizure outcome in patients with CCMs by meta-analysis; (2) to identify the factors influencing our result using subgroup analysis; and (3) to provide some evidence for clinical decision-making.

Methods {#sec006}
=======

This meta-analysis was performed in accordance with the PRISMA 2009 checklist. (data in [S1 Checklist](#pone.0136619.s001){ref-type="supplementary-material"})

1. Search strategy and study identification {#sec007}
-------------------------------------------

Appropriate studies relevant to the effect of hemosiderin excision on seizure outcome in patients with CCM surgery were identified by searching online databases: PubMed, Web of Science and EBSCO. The following key words were used and connected by Boolean logic operators: "cavernous hemangioma", "cavernous angioma", "angiocavernoma", "hemangioma", "cavernous", "hemosiderin ring", "hemosiderin", "epilepsy", "seizure", "surgery". Searches were restricted to the English-language literature but were not limited with regard to the publication year. Three authors (Di Ruan, Xiao-Bo Yu and Sudeep Shrestha) were independently responsible for checking and selecting articles, with disagreements settled by the senior authors (Lin Wang and Gao Chen). Reference lists in the identified publications were also examined to find additional studies.

2. Inclusion and exclusion criteria {#sec008}
-----------------------------------

[Fig 1](#pone.0136619.g001){ref-type="fig"} details the selection criteria we used. The inclusion criteria were as follows: (1) series of at least 10 patients undergoing CCM surgery; (2) cohort or case-control studies comparing the extended hemosiderin excision with lesion resection only; (3) CCM patients with epilepsy or seizure symptoms before surgery; (4) seizure outcomes measured or calculated according to Engel Class; (5) explicitly reported numbers of patients who underwent or did not undergo hemosiderin excision; (6) duration of follow-up of at least 12 months; and (7) study quality score \>4 on the Newcastle-Ottawa Scale (NOS) \[[@pone.0136619.ref022]\]. The exclusion criteria were as follows: (1) study did not provide sufficient extractable data on the patient number and follow-up outcome; (2) study was a system review or case report; (3) study did not compare the seizure outcomes of the excision group and control group; (4) study was not written in English; and (5) study with only the abstract available, or unpublished study. The quality of case-control or cohort studies was assessed by the NOS.

![Flow chart of literature selection.](pone.0136619.g001){#pone.0136619.g001}

3. Data extraction {#sec009}
------------------

Data were extracted independently by three authors (Di Ruan, Xiao-Bo Yu and Sudeep Shrestha) using a uniform standardized and digitized data extraction form in Excel 2010 and checked by these three authors until agreement was reached. The primary surgical outcome was the patient seizure status (seizure freedom (Engel ClassI) versus persistent seizures (Engel ClassII-IV)) after some period of follow-up. Although we are aware that the Engel classification has its disadvantages, we had to use it because almost all the related studies used this classification \[[@pone.0136619.ref023]\]. If a study did not report sufficient information for the calculation of the Engel Class, attempts were made to contact the authors of the articles, who were asked to provided either the Engel Class data or the raw data necessary for calculation. Data on other related factors data, such as age, sex, area, seizure duration before surgery, multiple CCM occurrence, lesion location, lesion size, follow-up time, study quality and study design type, were also extracted.

4. Statistical analysis {#sec010}
-----------------------

Meta-analyses and subgroup analysis were performed using Review Manager 5.3. Dichotomous variables were presented as odds ratios (OR; with hemosiderin excision (hemosiderin (-)) versus without hemosiderin excision (hemosiderin (+)). Heterogeneity was evaluated by the I^2^ value. A fixed effect model was used if the I^2^ value was less than 50%; otherwise, a random effect model was adopted. We set significance at *P* = 0.05. In addition to visual inspection of funnel plots using RevMan 5.3, the STATA 13.0 software was also used to perform the Begg's test \[[@pone.0136619.ref024]\] and Egger's test \[[@pone.0136619.ref025]\] methods to detect potential publication bias. Moreover, sensitivity analysis was performed using STATA 13.0.

Results {#sec011}
=======

1. Literature search findings and included publication characteristics {#sec012}
----------------------------------------------------------------------

The search process and results are illustrated in the flowchart ([Fig 1](#pone.0136619.g001){ref-type="fig"}). We found a total of 1055 papers, with 527 remaining after duplicates were removed. Of this group, 507 were excluded based on reviewing the title and abstract. For the remaining 20 articles, the full text was accessed, and 10 articles met the inclusion criteria. Ten of the 20 papers were excluded because they lacked extractable data (n = 6), were system reviews (n = 2), were not written in English (n = 1), or were a case report (n = 1). Finally, 10 articles were included in the meta-analysis. \[[@pone.0136619.ref015], [@pone.0136619.ref017]--[@pone.0136619.ref021], [@pone.0136619.ref026]--[@pone.0136619.ref029]\]

2. Baseline characteristics of included studies {#sec013}
-----------------------------------------------

Ten articles containing 13 studies were obtained, including 4 case-control and 9 cohort studies. All studies had at least moderate-level quality using the Newcastle-Ottawa Scale evaluation system. The baseline characteristics of the studies are summarized in [Table 1](#pone.0136619.t001){ref-type="table"}. The 13 included studies reported the outcomes of 594 patients with more than 632 CCMs ranging from 0.4 cm to 5.3 cm in diameter. In total, 234 of 316 patients in the hemosiderin (-) group and 189 of 278 in the hemosiderin (+) group were Engel ClassI.

10.1371/journal.pone.0136619.t001

###### Baseline characteristics of included studies.

![](pone.0136619.t001){#pone.0136619.t001g}

  Study                    Country       Patient number   Female n (%)   Mean age (yrs)   Mean size of the lesion (cm)   Temporal lobe n (%)   Multiple CCMs n (%)   Mean duration before surgery (mo)         Mean follow-up duration (mo)              Chg Engel Class 1   Chg Engel Class 2--4   Khg Engel Class 1   Khg Engel Class 2--4   Study design   Quality score
  ------------------------ ------------- ---------------- -------------- ---------------- ------------------------------ --------------------- --------------------- ----------------------------------------- ----------------------------------------- ------------------- ---------------------- ------------------- ---------------------- -------------- ---------------
  Huang C, 2013            China         27               8 (29.6)       NA               NA                             16 (59.3)             14 (51.9)             NA                                        24.8                                      9                   3                      12                  3                      cc             7
  Baumann CR, 2006         SI            31               15 (48.4)      36.3             1.8                            20 (64.5)             1 (3.2)               144                                       12                                        11                  3                      11                  6                      cohort         6
  Baumann CR, 2006         SI            29               NA             NA               NA                             NA                    NA                    NA                                        24                                        8                   5                      7                   9                      cohort         6
  Baumann CR, 2006         SI            27               NA             NA               NA                             NA                    NA                    NA                                        36                                        11                  3                      7                   6                      cohort         6
  von der Brelie C, 2013   Germany       11               4 (36.4)       15.3             NA                             5 (45.5)              3 (27.2)              57.8                                      132.5                                     6                   3                      1                   1                      cohort         5
  Kwon CS, 2013            USA           56               29 (51.8)      37.5             1.6                            27 (48.2)             9 (16.1)              12[\*](#t001fn002){ref-type="table-fn"}   87.9                                      23                  8                      23                  2                      cc             9
  Zevgaridis D, 1996       Switzerland   66               NA             NA               NA                             NA                    NA                    NA                                        39                                        24                  4                      33                  5                      cohort         6
  Yeon JY, 2009            Korea         54               NA             NA               NA                             NA                    NA                    NA                                        \> 12                                     26                  5                      19                  4                      cohort         6
  Cappabianca P, 1997      Italy         35               21 (60.0)      28.8             NA                             10 (28.6)             NA                    NA                                        \> 24                                     4                   0                      25                  6                      cc             7
  Hammen T, 2007           Germany       30               13 (42.3)      39.4             NA                             21 (70.0)             4 (13.3)              130.8                                     \> 48                                     4                   7                      12                  7                      cc             6
  Wang X, 2013             China         132              64 (48.5)      39.3             2.9                            51 (38.6)             7 (5.3)               NA                                        12                                        64                  22                     25                  21                     cohort         7
  Wang X, 2013             China         60               NA             NA               NA                             NA                    NA                    NA                                        60                                        25                  17                     5                   13                     cohort         7
  Jin Y, 2014              China         36               15 (41.7)      37.8             1.9                            26 (72.2)             0 (0.0)               5.95                                      18[\*](#t001fn002){ref-type="table-fn"}   19                  2                      9                   6                      cohort         9

CCMs, cerebral cavernous malformations; mo, month; yrs, years; NA, not available; SI, Switzerland and Italy; cc, case-control; Chg, Cut hemosiderin group; Khg, Keep hemosiderin group.

\*The data was presented in the median form.

3. Meta-analysis and sensitivity analysis {#sec014}
-----------------------------------------

Thirteen studies with a total of 594 patients reported the seizure outcomes after CCM surgeries (234 of 316 obtained Engel ClassI in the hemosiderin (-) group versus 189 of 278 in the hemosiderin (+) group). The seizure outcome was statistically significantly improved in the patients who underwent extended excision of the surrounding hemosiderin (OR, 0.62; 95% CI: 0.42--0.91; *P* = 0.01; I^2^ = 28%; [Fig 2](#pone.0136619.g002){ref-type="fig"}). Sensitivity analysis showed that the results of the association between hemosiderin excision and seizure outcome were robust, which demonstrated that no significant heterogeneity existed across the studies. ([Fig 3](#pone.0136619.g003){ref-type="fig"})

![Forest plot of seizure outcomes comparing hemosiderin (-) group and hemosiderin (+) group.\
hemosiderin (-), with hemosiderin excision; hemosiderin (+), without hemosiderin excision; CI, confidence interval.](pone.0136619.g002){#pone.0136619.g002}

![Sensitivity analysis of 13 included studies.\
CI, confidence interval.](pone.0136619.g003){#pone.0136619.g003}

4. Subgroup analysis {#sec015}
--------------------

Although no heterogeneity was found between studies, we still performed subgroup analysis based on our clinical and statistical practice. Thus, age, sex, area, seizure duration before surgery, multiple CCM occurrence, lesion location, lesion size, follow-up time, study quality and study design type were considered as confounding factors in our studies. Among all these factors, there was no significant difference in age, lesion location and study quality level between the two groups according to our classification criteria. ([Fig 4](#pone.0136619.g004){ref-type="fig"})

![Forest plot comparing seizure outcomes between hemosiderin (+) and hemosiderin (-) groups in age, lesion location and study quality subgroup analyses.\
hemosiderin (-), with hemosiderin excision; hemosiderin (+), without hemosiderin excision; CI, confidence interval.](pone.0136619.g004){#pone.0136619.g004}

The studies from Asian countries reported a significantly higher rate of favorable outcomes in the hemosiderin (-) group (OR, 0.42; 95% CI: 0.25--0.71; *P* = 0.001; I^2^ = 9%). The male-majority studies tended to report a favorable outcome in the hemosiderin (-) group (OR, 0.56; 95% CI: 0.33--0.96; *P* = 0.04; I^2^ = 38%). The advantage of hemosiderin excision was obvious in the group with a low occurrence rate of multiple CCMs (OR, 0.37; 95% CI: 0.20--0.71; *P* = 0.003; I^2^ = 0%) but not obvious in the higher occurrence rate group (OR, 2.28; 95% CI: 0.91--5.70; *P* = 0.08; I^2^ = 0%). For different study types, cohort studies were inclined to report favorable outcomes in the hemosiderin (-) group (OR, 0.44; 95% CI: 0.28--0.68; *P* = 0.78; I^2^ = 0%). ([Fig 5](#pone.0136619.g005){ref-type="fig"})

![Forest plot comparing seizure outcomes between hemosiderin (+) and hemosiderin (-) groups in country, female ratio, occurrence of multiple CCMs and study design subgroup analyses.\
hemosiderin (-), with hemosiderin excision; hemosiderin (+), without hemosiderin excision; CI, confidence interval.](pone.0136619.g005){#pone.0136619.g005}

Regarding the seizure duration before surgery, lesion size and follow-up time, patients with seizure duration before surgery \> 1 year (OR, 0.43; 95% CI: 0.22--0.84; *P* = 0.01; I^2^ = 0%), lesion diameter \> 2 cm (OR, 0.41; 95% CI: 0.19--0.87; *P* = 0.02) and short-term (\< 3 years) follow-up (OR, 0.48; 95% CI: 0.29--0.80; *P* = 0.005; I^2^ = 0%) appeared to have a more favorable outcome tendency in the hemosiderin (-) group. However, the benefit of hemosiderin excision was not significantly different from that gained by patients with seizure duration before surgery \< 1 year (*P* = 0.43; I^2^ = 0%), lesion diameter \< 2 cm (*P* = 0.60; I^2^ = 0%) and long-term (\> 3 years) follow-up (*P* = 0.26; I^2^ = 22.1%), respectively. ([Fig 6](#pone.0136619.g006){ref-type="fig"})

![Forest plot comparing seizure outcomes between hemosiderin (+) and hemosiderin (-) groups in duration before surgery, lesion size and follow-up duration subgroup analyses.\
hemosiderin (-), with hemosiderin excision; hemosiderin (+), without hemosiderin excision; CI, confidence interval.](pone.0136619.g006){#pone.0136619.g006}

5. Publication bias {#sec016}
-------------------

No publication bias was found in a funnel plot, with plots visually symmetrically distributed along the vertical axis ([Fig 7](#pone.0136619.g007){ref-type="fig"}). Begg's test and Egger's test also showed no significant publication bias (Begg's test, z = 0.48, *P* = 0.631; Egger's test, t = 0.95, *P* = 0.367).

![Funnel plot of publication bias.\
SE, standard error; OR, odds ratio.](pone.0136619.g007){#pone.0136619.g007}

Discussion {#sec017}
==========

Here, we present the first meta-analysis of hemosiderin excision on seizure outcome in cerebral cavernous malformations surgery. The results of this paper show that seizure outcome was statistically significantly improved in patients who underwent an extended excision of the surrounding hemosiderin. However, there were many confounding factors that could influence the results. Thus, subgroup analyses were conducted to analyze the outcome more thoroughly. Among all the factors analyzed, studies from Asia, male majority (female ratio \< 50%), low multiple CCM occurrence (\< 20%) and cohort studies tended to correlate with a more favorable outcome in the hemosiderin excision group.

Regional differences existed among studies. However, we could easily observe that there was only one American article \[[@pone.0136619.ref027]\] concentrating on this topic. Thus, more non-Asian studies should be introduced to draw a more accurate conclusion. Regarding gender, the male-majority studies tended to report a favorable outcome in the hemosiderin (-) group, while the female-majority studies did not report an obvious result. However, this finding must be interpreted carefully because the sample size of the female group is smaller than that of the male group. For the lesion itself, low occurrence of multiple CCMs was prone to exhibit significant improvement, which might indicate that hemosiderin excision could be facilitated in patients with single CCMs. When focusing on study design type, we observed that cohort studies tended to report a more favorable outcome in the hemosiderin excision group, which increased the credibility of our meta-analysis result, as the cohort studies could justify or control for more confounders than case-control studies.

Patients with seizure duration before surgery \> 1 year, lesion diameter \> 2 cm and short-term (\< 3 years) follow-up appeared to have a more favorable outcome tendency in the hemosiderin (-) group. However, we could not easily draw a conclusion that these kinds of patients could obtain a better prognosis after hemosiderin excision, because the benefit of hemosiderin excision was not significantly different from that gained by patients with seizure duration before surgery \< 1 year, lesion diameter \< 2 cm and long-term (\> 3 years) follow-up, respectively. Thus, larger prospective trials are necessary to determine whether seizure duration before surgery, lesion size and follow-up time are significant confounding factors.

One previous system review \[[@pone.0136619.ref004]\] focused on the predictors of seizure outcome in the surgical treatment of cavernous malformations where hemosiderin excision was selected as one of the predictors. This review included a total of 763 CCM patients from 1985 to 2011 and stated that extended resection of the hemosiderin ring was not significantly predictive. The difference might be caused by the following reasons. First, the statistical method was different: Englot DJ et al. \[[@pone.0136619.ref004]\] used regression, while we used meta-analysis, allowing us to concentrate more on specific factors. Second, in our study, half of the articles were published after 2013, and the article sample was more precise because we only chose papers related to hemosiderin excision. Third, the significant improvement in seizure outcome after hemosiderin excision might result from recent advances in neurosurgery, allowing clinical excision to be performed more accurately and less invasively.

Up to now, the detail steps of epilepsy development in CCM has not been comprehended completely. However, chronic silent microhemorrhages were thought to be the main culprit \[[@pone.0136619.ref001], [@pone.0136619.ref028], [@pone.0136619.ref030]--[@pone.0136619.ref033]\]. When deposited in adjacent brain parenchyma, hemosiderin, a degradation product of blood, could produce free radicals and lipid peroxides to cause excitotoxicity of adjacent neurons and proliferation of the glial tissue by interrupting receptor activity, calcium hemostasis and neurotransmitter (glutamate, aspartate and phosphorylethanolamine) levels \[[@pone.0136619.ref011], [@pone.0136619.ref013], [@pone.0136619.ref030], [@pone.0136619.ref034], [@pone.0136619.ref035]\]. This mainstream hypothesis of the epileptogenicity of hemosiderin provided strong support to our results.

The shortcomings of this meta-analysis were as follows. First, the assessment methods of the complete removal of the hemosiderin ring were different between studies. Most of the included studies assessed the complete removal of the hemosiderin ring by post-operative MRI, while four studies \[[@pone.0136619.ref016], [@pone.0136619.ref018], [@pone.0136619.ref019], [@pone.0136619.ref026]\] used surgical records to determine whether hemosiderin deposits had been resected as postoperative MRI findings were not available. It was generally known that the surgical description of hemosiderin removal might differ from postoperative MRI controls, so we'd better use post-operative MRI, which could reflect hemosiderin ring excision more objectively, as the assessment criteria. Second, hemosiderin excision was only one of the factors related to seizure outcome in most studies, and only three articles \[[@pone.0136619.ref015], [@pone.0136619.ref017], [@pone.0136619.ref029]\] directly compare a hemosiderin excision group and a control group. Therefore, the patient baseline characteristics for the hemosiderin (+) group and hemosiderin (-) group were usually unavailable or incomplete, leading to the loss of some evidence in the subgroup analysis. Third, we only included studies using Engel I rather than Engel Ia (e.g., Stavrou I \[[@pone.0136619.ref016]\]) as the outcome index, which might omit some meaningful evidence. However, the Engel classification is a common clinical method in evaluating seizures. Fourth, as we searched only studies in English, some potential reports not written in English (e.g., Stefan H \[[@pone.0136619.ref036]\]) might have been missed. Fifth, many factors could influence the seizure state of CCM patients after operation, but we only focused on whether the excision of hemosiderin is necessary to achieve seizure freedom, which is currently uncertain. Sixth, all the data we extracted were from observational studies, as no randomized control trials (RCTs) were yet available; therefore, more convincingly designed studies are urgently needed. In summary, for a better answer to this question, a well-designed prospective multiple-center randomized control trial should be performed.

Conclusions {#sec018}
===========

This meta-analysis compared hemosiderin excision and hemosiderin reservation groups in CCM surgery and demonstrated that seizure outcome could be significantly improved in patients who undergo extended excision of the surrounding hemosiderin.
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